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In previous studies, indicator-dilution curves obtained
by videodensitometry of contrast two-dimensional echo-
cardiograms have shown close correlation with mea-
surements of blood flow in vitro. In this study the tech-
nique was extended and contrast indicator-dilution curves
obtained in vivo were correlated with simultaneous car-
diac output measurements determined by thermodilu-
tion in eight dogs. Two-dimensional echocardiograms of
the left ventricle were performed with the transducer on
the myocardium during left atrial-pulmonary vein in-
jection of 10 cc of a 1 x 10-4 concentration of 30 p.
diameter microballoons. A total of 148 injections were
performed at 37 levels of cardiac output (1.70 to 7.90
liters/min) induced by alterations of left ventricular pre-
load, isoproterenol and propranolol. Indicator-dilution
Contrast echocardiograms are characterized by the progres-
sive appearance and gradual disappearance of ultrasonic
reflectances within the cardiac chambers produced by the
injected contrast bolus as it courses through the heart (1-4).
A consistent observation during qualitative visual inspection
of contrast echocardiograms was that intracardiac opacifi-
cation was of increased intensity and persistence in patients
with impaired left ventricular function and diminished car-
diac output as compared with normal subjects (5). Accord-
ingly. it was apparent that the appearance and decay char-
acteristics of contrast echograms were significantly related
to cardiac function and systemic blood flow and might.
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curves were obtained from recordings of the analog sig-
nal of a linear videodensitometer focused on the left
ventricle. Linear regression analysis between total area
of the indicator-dilution curves and cardiac output yielded
correlation coefficients (r) of 0.77 to 0.96 (mean 0.90)
for individual dogs, and 0.65 for all cardiac output de-
terminations in all dogs. Analysis of indicator-dilution
curve area by the forward triangle-exponential decay
method yielded enhanced individual coefficients of 0.90
to 0.97 (mean 0.94) with cardiac output and 0.61 for the
group of animals. It is concluded that echographic in-
dicator-dilution curves obtained from uniform size mi-
croballoons and videodensitometry may be obtained in
vivo and correlate with cardiac output measurements.
therefore. provide the basis for an assessment of cardiac
output.
Initial studies in our laboratory (5.6) designed to quantify
contrast echocardiograms demonstrated the feasibility of ob-
taining indicator-dilution type curves by photometric anal-
ysis of these studies. When a photometric sample volume
was placed within the right ventricular cavity. a baseline
signal was obtained. which increased rapidly with the lu-
minescence produced by the appearance of the ultrasonic
reflectances. and gradually returned to baseline as the con-
trast signals disappeared. Analysis of the decay character-
istics of the photometric indicator-dilution curves in patients
undergoing cardiac catheterization yielded a general agree-
ment between the rate of decay of the curve and classifi-
cation of the level of cardiac output as normal or depressed
by thermodilution techniques.
Subsequently. quantitative contrast echocardiographic
techniques were refined by the application of videodensi-
tometric analysis of the ultrasonic studies (7). Preliminary
experiments utilizing these techniques in an in vitro flow
model demonstrated that videodensitometric analysis of
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contrast echocardiograms performed \-Ising an injectate of
constant mass in the form of uniform-sized gelatin micro-
bubbles provided indicator-dilution curves that showed good
correlation with actual measurements of flow. Therefore,
as an extension of this work, this study was undertaken to
correlate indicator-dilution curves obtained by videodensi-
tometry of contrast two-dimensional echocardiography with
thermodilution measurements of cardiac output in an ex-
perimental in vivo canine model.
Methods
Experimental preparation. Studies were performed in
eight large mongrel dogs weighing at least 20 kg, anesthe-
tized with 20 to 25 mg/kg body weight of sodium pento-
barbital. The animals were intubated and ventilated with 15
mllkg of room air delivered at 15 to 25 breaths/min. The
animals were positioned in dorsal recumbancy on a heating
pad, and core body temperature was maintained at 38 ±
2°C as indicated by a rectal temperature probe. A limb lead
II electrocardiogram was continuously monitored, as were
systolic and diastolic arterial pressures obtained by an 18
intracatheter positioned in the femoral artery. A median
sternotomy was performed and the heart positioned in a
pericardial sling. Subsequently, a soft 9 French catheter was
inserted into the left atrium through the atrial appendage
and directed toward the pulmonary vein to serve as the route
of injection of the contrast agent. A size 7 balloon-tipped
thermodilution catheter was inserted into the femoral vein
and advanced into the pulmonary artery under pressure mon-
itoring and fluoroscopic guidance. Thermodilution cardiac
output was obtained in triplicate by means of an injection
Figure l. Control (A) and contrast (B) two-dimensional echo-
cardiograms from a representative study dog. The triangular sam-
ple volume of the videodensitometer is positioned within the mid-
ventricle (white in control. black with contrast). AO = aorta; LA
= left atrium.
of 5 cc of cold 5% dextrose in water with the thermistor
sampling in the pulmonary artery.
Two-dimensional echocardiography. This was per-
formed with a commercially available mechanical sector
scanner (ATL Mark III) operating at 3 MHz. The transducer
was placed directly on the epicardium of the right ventricle
with the ultrasonic beam aligned along the long axis of the
left ventricle to yield images of the right and left ventricles
and left atrium (Fig. I). The optimal gain and reject settings
were determined for the initial experiment and were main-
tained for all subsequent studies. However, the start and
slope of the time compensation gain underwent minor ad-
justments to obtain optimal images for each animal.
Contrast echocardiograms were performed by means of
the injection into the pulmonary veins of 10 cc of a I x
10 - 4 concentration of 30 J.L plastic microballoons manufac-
tured for industrial applications. Although these plastic mi-
croballoons were not each precisely 30 J.L in diameter on
microscopic examination, the variation in this measurement
was small and conformed to a bell-shaped distribution about
the 30 J.L level. To maintain dispersion of the microbubble
in solution, a constant gentle manual agitation of the fluid
was performed. To limit the introduction of extraneous air,
a closed intravenous system was utilized, with a plastic bag
containing the microbubble solution and the left atrial cath-
eter connected by a three way stopcock. Accordingly, the
contrast solution could be withdrawn into the syringe and
rapidly injected without breaking the line of connection.
Echocardiographic recording was begun 10 seconds before
injection and continued until all ultrasonic contrast medium
had disappeared from the left ventricle.
Interventions. Cardiac output was decreased or in-
creased by a variety of maneuvers, including the incre-
mental intravenous administration of isoproterenol, 0.5 to
5 J.Lg/min, propranolol, 2 to 10 mg, and phenobarbital, 10
to 100 mg, and in some cases the withdrawal of up to 500
cc of blood. With each intervention the animal's condition
was allowed to stabilize for 2 minutes, and thermodilution
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cardiac output determinations were performed in triplicate.
At each distinct level of cardiac output, four contrast echo-
cardiographic injections were obtained.
Videodensitometric analysis. Echocardiographic stud-
ies were recorded on 0.5 inch (1.27 cm) videotape for sub-
sequent playback and analysis and the audio channel was
used to identify the injection. The contrast echocardiograms
performed were then subjected to videodensitometric anal-
ysis by means of a custom-designed analog device. The
videodensitometer utilized in this study measured the volt-
age spikes from a video signal contained within a triangular
sample area, and was expressed as its output the product of
the sum of the voltages and time. The method of video-
densitometric analysis applied in this study had been pre-
viously validated to provide net linear response (7). Thus,
echograms of plastic heart models containing 30 fL micro-
balloons of incremental concentration were subjected to vi-
deodensitometry and a correlation coefficient (r) of 0.90
was observed between echo video intensity and microbal-
loon concentration. Echo saturation and shadowing occurred
only at concentrations above 4 x 10 - 3. The videodensi-
tometric sample volume was placed in the left ventricular
cavity just anterior and apical to the tips of the mitral valve
leaflets (Fig. I). Such positioning resulted in the optimal
signal with only minimal interference from mitral leaflet and
chordal echo excursion through the sample volume.
The videodensitometric output was channeled into a stan-
dard strip-chart recorder for hard copy printout and subse-
quent measurement. Quantitative measurements obtained
from the indicator-dilution curves resulting from videoden-
sitometric analysis included the total area under the curve
obtained by planimetry, and the computed area under the
curve provided by a modification of the forward triangle
exponential decay method, which extrapolates the down-
slope of the curve from two points which are 2 seconds
apart (9).
Statistical analysis. Mean values for cardiac output de-
termined by thermodilution were compared with both total
and extrapolated areas under the curve by means of linear
regression analysis for each individual animal. Subse-
quently, linear regression analysis was performed for all
values of thermodilution cardiac output and all values of
both total and extrapolated area under the contrast echo
curve to determine the overall correlation between cardiac
output measurements and contrast echo curves for all ani-
mals studied.
Results
A total of 148 contrast echocardiograms were performed
in eight animals and yielded technically satisfactory re-
cordings in all. Studies were performed at 37 different levels
of cardiac output ranging from 1.7 to 7.9 liters/min. The
number of distinct cardiac output levels at which contrast
echocardiograms were performed per animal ranged from
four to seven (mean five) in seven of the eight animals, but
was limited to two levels in the eighth animal. Accordingly,
correlation of thermodilution and echocardiographic mea-
surements in individual dogs was possible for only seven
studies. No significant hemodynamic or electrocardio-
graphic alterations were observed during contrast echocar-
diographic injections.
Indicator-dilution curves. Figure 2 illustrates a repre-
sentative indicator-dilution curve obtained in a dog in this
study. The triangular sample volume was placed in the left
ventricle and yielded a baseline signal. As the contrast med-
ium filled the ventricle, an upward deflection representing
increased videodensity was inscribed that returned to base-
line as the contrast medium disappeared. Oscillations of the
signal produced by motion of the chordae tendineae and
mitral leaflets through the sample volume can be seen in
Figure 2, and were observed in the majority of studies.
Figure 3 depicts indicator-dilution curves reported at six
levels of cardiac output ranging from 1.9 to 7.9 liters in a
single animal from this investigation. Chordal and mitral
oscillations can again be seen, while a general relation be-
tween cardiac output and area under the curve is apparent.
Correlation between indicator-dilution curve area and
thermodilution cardiac output. Linear regression analysis
of actual thermodilution cardiac output and both total area
and area under the curve extrapolated by the forward triangle
method was performed for each of the seven individual
animal experiments for which sufficient cardiac output lev-
els existed. A close correlation existed between either method
Figure 2. Indicator-dilution type curve from videodensitometric
analysis of a contrast two-dimensional echocardiogram in a rep-
resentative study dog. A baseline signal is obtained before the
appearance of contrast. while a major upward deflection occurs in
response to the increase of video intensity caused by the ultrasonic
contrast reflectances that return to baseline as the contrast disap-
pears. Fine oscillations within the signal may be observed that are
due to transit of chordae tendineae and mitral valve leaflets through
the videodensitometric sample volume. Time markers indicate I
second intervals.
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CO 1.9
CO 5.5 CO 6.0
CO 2.9
CO 7.9
CO 4.2
Figure 3. Indicator-dilution curves obtained at six
different cardiac output (CO) levels ranging from
I.9 to 7.9 liters/min in a single dog in this study.
The oscillations due to chordal and mitral leaflet
reflections can again be seen, while the change in
area under the curve with cardiac output is apparent.
of area measurement and cardiac output in every experi-
ment. Thus. linear regression analysis between total area of
the curve and cardiac output yielded correlation coefficients
for individual animals that ranged from 0.77 to 0.96 (mean
0.90). Analysis of indicator-dilution curves by the forward
triangle method yielded individual correlation coefficients
of 0.90 to 0.97 (mean 0.94) for this technique. Thus, an
excellent correlation existed between the area of the contrast
echo curve and thermodilution value for cardiac output in
each individual animal.
Linear regression analysis was also carried out for ther-
modilution cardiac output and both total and extrapolated
area under the echocardiographic curve for all measurements
of cardiac output in the group of experiments performed
(Fig. 3 and 4). A general correlation was observed between
these area measurements and direct values of cardiac output.
Thus, a correlation coefficient of 0.65 was observed between
the measurement of the total area under the contrast echo
curve and thermodilution techniques, while a correlation
coefficient of 0.61 existed for the extrapolated area under
the curve by the forward triangle exponential decay method
(Fig. 5).
Discussion
The concept that contrast echocardiography could be uti-
lized to evaluate or estimate cardiac output has been at-
tractive since the earliest qualitative observations of a de-
layed clearance of contrast agent in the setting of left
ventricular dysfunction. Initial attempts to quantify this phe-
nomenon employing stop watches and photometric analysis
yielded gross measurements of contrast decay that substan-
tiated the relation of this characteristic to overall cardiac
performance. Subsequently, refined techniques employing
Figure 4. Results of linear regression analysis between measure-
ments of the total area under the indicator-dilution curve and ther-
modilution cardiac output in liters/min for all levels of cardiac
output in all study dogs.
75~------------~
FORMULA,
'" FIX)- 35+1-4.54 x XI
E
60 COEFFICIENT OFu
CORRELATION' 0.65
UJ •>a:: •::>u 45...
0
•et
UJ 30a: •et ~.
...J .., • •et .,~~0 15 :, I. ••t- •••..,. . .
••
O~-'---I,.--'-----'-~~--'---I,.~-'---'---'
o 5 10
THERMODILUTION CARDIAC OUTPUT (I/min)
lACC Vol. 3. No.4
April 1984:999-1004
DeMARIA ET AL.
THERMODILUTION CARDIAC OUTPUT
1003
Figure 5. Results of linear regression analysis between extrapo-
lated area of the curve by the forward triangle-exponential decay
method and thermodilution cardiac output for all levels of cardiac
output in all study dogs.
tate mass with precision, the volume of contrast agent was
identical from injection to injection and enabled the isolation
of cardiac output as the predominant variable in the pro-
duction of indicator-dilution curves.
Absence of calibration factor. The calculation of the
mean concentration of indicator present during the passage
of the contrast bolus requires knowledge of a calibration
factor that relates the amplitude of deflection of the indicator
curve to the videointensity produced by a known concen-
tration of the contrast agent. In the case of contrast echo-
cardiography, this calibration would include not only the
concentration of contrast agent within the blood, but the
magnitude of video intensity recorded by echocardiography
as a result of this concentration. Obviously, no such cali-
bration factors were capable of being calculated, and there-
fore, these data were not available for solving the Hamilton
equation for indicator-dilution curves obtained by contrast
echocardiography. This factor was of significance because,
although all gain settings on the echocardiograph utilized
were initially set at the same levels for each experiment, a
definite variability existed from animal to animal in the
signal to noise ratio of the echocardiograms obtainable at
this gain setting. Accordingly, the video intensity observed
at the same echographic gain settings occasionally varied
from animal to animal owing to the nature of the echocar-
diographic recording obtainable.
Limitations of area measurements of indicator-dilu-
tion curves. The limitations imposed by the contrast agent
utilized and the inability to calculate a calibration factor led
us to analyze the video intensity curves in terms of areas,
rather than attempting to convert these areas to measure-
ments of cardiac output. By confining ourselves to mea-
suring the areas under the curve, we neglected other char-
acteristics often applied in the calculation of cardiac output
from indicator-dilution curves, such as peak concentration
and total duration. In light of all of these variables, it is not
surprising that although the area measurements of indicator-
dilution curves in individual animals correlated closely with
thermodilution values of cardiac output, only a general cor-
relation existed between these two variables for the group
of experiments overall. Further improvements in the method
are needed to substantially enhance the accuracy of contrast
two-dimensional echocardiography in the estimation of ab-
solute cardiac output. However, even at present, the method
seems to be quite sensitive in detecting directional changes
in cardiac output within a given animal.
Problems in obtaining optimal indicator-dilution curves
from contrast echocardiography. Several practical meth-
odologic factors encountered in this study represented im-
pediments to obtaining optimal indicator-dilution curves from
contrast echocardiography. The plastic microballoons tended
to clump and coalesce to the side of the plastic intravenous
container; therefore, gentle manual agitation was utilized to
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videodensitometry and precision-sized gelatin microbubbles
were found to yield indicator-dilution type curves in which
areas correlated closely with volumetric flow in an in vitro
flow model. The data in our study confirm that videoden-
sitometric analysis of contrast echocardiograms in an in vivo
setting can yield indicator-dilution type curves whose area
correlates well with measurements of cardiac output made
by thermodilution techniques in individual animals. Despite
the absence of a calibration factor for relating contrast con-
centration to videodensitometer deflection, a general cor-
relation was still observed between cardiac output and in-
dicator curve area for all animals studied.
Role of contrast agent in calculation of cardiac out·
put. The calculation of cardiac output from indicator-di-
lution curves is based on the Hamilton equation: Q = I -:-
ext, where Q = cardiac output, I = quantity of indicator
injected, C = mean concentration of indicator detected and
t = the interval between the appearance and disappearance
of the indicator. To solve this equation for an indicator-
dilution curve based on a contrast echocardiogram, a quan-
tifiable ultrasonic contrast agent is required that yields a
measureable magnitude' of ultrasonic reflections with each
injection. Because previous studies (8) have demonstrated
that the primary mechanism by which ultrasonic contrast is
produced is the introduction of microscopic quantities of
gas, such an ultrasonic contrast agent should be associated
with a reproducible and quantifiable volume of gas per
administration. Although not precisely uniform in size, the
plastic microballoons employed in this study conformed to
a relatively uniform diameter and were given in a fixed
concentration. Thus, despite the inability to quantify injec-
1004 DeMARIA ET AL.
THERMODILUTION CARDIAC OUTPUT
lACC Vol. 3. No.4
April 1984:999-1004
maintain a uniform dispersion within solution. It is possible
that this mild agitation may not have adequately achieved
uniform distribution of the contrast agent, or conversely,
may have introduced extraneous air into solution. However,
if such factors occurred, they should have been constant at
all levels of cardiac output.
Second, initial attempts at right ventricular imaging uti-
lizing this experimental preparation were unsuccessful in
delineating a ventricular cavity on echography of adequate
size to contain the videodensitometric sample volume.
Therefore, it was elected to administer the ultrasonic con-
trast agent into the left atrium-pulmonary veins and sample
the video intensity produced in the left ventricular chamber.
Although this technique readily enabled the placement of a
moderate-sized sample volume within the left ventricle, it
is possible that streaming within the left atrium may have
prevented complete mixing of the contrast agent with blood.
Finally, despite careful placement, reflectances from car-
diac structures such as the mitral valve leaflets frequently
entered the sample area, resulting in some distortion of the
deflection during contrast analysis (Fig. 2 and 3). Undoubt-
edly, the factors noted played some role in limiting the
correlation between the videodensitometric indicator-dilu-
tion curves obtained and thermodilution measurements of
cardiac output in this study. Elimination of these problems
in future studies would be anticipated to markedly improve
the correlation in animals.
Several other important considerations pertain to the
estimation ofcardiac output by videodensitometric analyses
of two-dimensional contrast echocardiograms in general.
Intravenous injections nearly always result in the introduc-
tion of extraneous contrast, independent of that provided by
the ultrasonic contrast agent. In the preparation utilized,
visible reflections continued to be recorded after 10 con-
secutive injections even in the absence of a contrast agent.
Although this factor will clearly continue to represent a
limitation of the technique, extraneous contrast accounted
for negligible intensity compared with the 30 IJ- microbal-
loons, and therefore probably did not substantially alter the
results of these studies. Additionally, an important factor
in the application of videodensitometric analyses of contrast
echocardiograms relates to potential saturation of the re-
cording system. When using such techniques, it is crucial
that the level of ultrasonic contrast administered be signif-
icantly below that which produces complete saturation of
the pixels of the video scan converter, as well as being
below the maximal level of intensity recordable by the vid-
eodensitometer. Such levels are readily determinable, how-
ever, and would seem to be easily achievable for most
applications.
Clinical implications. Some clinical implications are
apparent from the data presented. Contrast echocardiog-
raphy is a noninvasive study that can be performed easily
and repetitively both in the noninvasive laboratory and in
the intensive care unit and could provide a readily available
atraumatic method by which to estimate and follow the level
of cardiac output in patients. In this regard, several biod-
egradable contrast-producing ultrasonic agents capable of
yielding a quantifiable contrast effect are currently under
development or evaluation, or both, and offer the promise
of providing a measurable quantity of indicator injected. At
the moment, considerable work needs to be devoted toward
refining this method for the actual calculation of absolute
cardiac output. However, the data presented clearly indicate
that the basic information for the estimation ofcardiac output
is contained within videodensitometric indicator-dilution
curves, and that such measurements may be utilized to assess
directional changes in this measurement over time or after
interventions.
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